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ABSTRACT 
The neutral and charged species present in a DC hollow cathode, gas flow, air reactor, are 
experimentally studied by quadrupole mass spectrometry. The behaviour of plasma ionization ratio and  
electron mean temperature with decreasing air pressure, for constant discharge current, is measured 
with a double Langmuir probe. The chemical composition of the plasma changes appreciably over the 
3·10-3-5·10-2 mbar range investigated: at the lowest pressures studied, O2 dissociation is up to 60% and 
the concentration of NO is half that of N2; concerning ions, NO+ and N2+ are dominant for the whole 
pressure range. A kinetic model of the plasma including electrons, neutrals and positive ions is 
developed to account for the experimental observations; it is consistent with energy balance and 
predicts that heterogeneous processes are the main source of NO and that the contribution of ions to the 
global chemistry of neutrals is of minor significance even for the lowest pressures.  
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INTRODUCTION 
Low pressure non-equilibrium plasmas of air and N2/O2 mixtures are currently attracting the 
attention of many scientific groups 1-7 due to their relevance in different fields, from the study of the 
Earth’s ionosphere 8-14 to the reactivity in the boundaries of hypersonic vehicles15 or the sterilization of 
surgical equipment.16 Therefore, many efforts have been devoted to the experimental investigation and 
to the modelling 3,5,17-21 of these plasmas, characterized by gas temperatures close to 300 K (Tg<0.05 
eV) and comparatively high electron temperatures (Te>1 eV). Under these conditions, the collisions of 
energetic electrons with neutral precursors cause the formation of active species (atoms, radicals, ions 
and excited molecules) that initiate the chemical reactions and lead to the appearance of other transients 
and secondary products.  
Hollow cathode discharges have a number of advantages over RF and MW reactors.22,23 They 
provide a good geometrical resolution among the different zones of the discharge, which results in a 
nearly total confinement of the plasma to the negative glow inside the cathode. The easy control of the 
size and shape of this negative glow region with a suitable design of the reactor and adjustment of 
discharge conditions gives a great flexibility for many purposes.24-29 On the other hand, they have 
electron energy distributions with slightly lower mean values than RF and MW discharges but, in 
contrast with these plasmas and with the positive column of parallel plate DC discharges, they have a 
negligible electric field in the enlarged negative glow region, which may be of interest in some specific 
studies, like those related with the chemistry of ionospheres. 
Concerning the kinetic modelling of N2+O2 and NxOy plasmas, more than 400 concurrent 
processes have been advanced in the literature;5-19 nevertheless, the efforts made to  identify the key 
processes and to reduce the number of reactions considered are generally welcomed, in order to 
construct more intelligible and manageable models.30 In this respect, most three body reactions can be 
disregarded at low pressures without noticeable changes in the predicted results.31 Similarly, ions are 
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usually neglected too in the chemistry of neutrals for pressures higher than 0.1-1 mbar,32 due to very 
low ionisation rates (< 10-4) in this kind of plasmas. In any case, a careful diagnostics of cold plasmas 
of these species at different pressures would be very convenient in order to identify and characterize the 
processes playing the key role for each pressure region.  
In former works, the authors studied with time resolved spectrometric techniques the neutral, 
atomic and molecular species produced in modulated hollow cathode discharges of N2O, 24, 33,34 NO35 
and NO2,36 at pressures ~0.1-1 mbar and effective plasma volumes ~0.02 l, verifying the formation of 
N2 and O2 as major products, and of minor proportions of the two nitrogen oxides other than the 
precursor in each case. Similarly, a discharge of natural air studied under conditions close to those of 
the NxOy plasmas3 showed the formation of very small concentrations of NO and N2O as compared 
with those of the N2 and O2 precursors. A simple kinetic model including electrons and neutrals, and 
the essential physico-chemical processes, was also developed to explain the observed data. Most 
reaction rate constants, especially those for homogeneous reactions among neutrals, were taken from 
published databases.37 Rate coefficients for many of the low energy electron impact dissociatio n 
processes and for some of the heterogeneous reactions could be estimated from the time resolved 
data.3,36  
In the present work we have extended the investigations with air plasmas to a much lower 
pressure range (down to 3·10-3 mbar) and have used a 100 times larger reactor than that in the higher 
pressure study. Under these conditions of low collisionality, the electron temperature and the plasma 
ionisation ratio are higher for a similar supply of electrical power and the relative importance of surface 
to gas phase processes changes appreciably. As a result, the plasma chemistry is significantly modified. 
In the following, we describe the experimental characterization of these low pressure air plasmas and 
use an improved version of the kinetic model, including ionic processes, to account for the chemical 
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composition observed in the plasma and to estimate the relevance of the ions in the global plasma 
chemistry.     
 
EXPERIMENTAL SYSTEM 
The experimental set-up used for plasma generation and diagnostics is shown in Figure 1. A 
stainless steel DC glow discharge reactor, consisting basically of an enlarged hollow cathode cell with 
a grounded cylindrical vessel (10 cm diameter, 34 cm length) and a central anode, was used to achieve 
comparatively large plasma volumes. Differentially pumped quadrupole mass spectrometers for 
neutrals and ions and a double Langmuir probe were used for plasma diagnostics.  
   
Figure1. Experimental set-up. 
 
The reactor was continuously pumped by a 450 l/s turbo-molecular pump to a background 
pressure of 10-6 mbar. A butterfly vacuum valve at the exit of the reactor, nearly closed during plasma 
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operation, and a needle valve at the gas input allowed the pressure control of the discharge. Gas 
pressures in the range 3·10-3-5·10-2 mbar, measured with a capacitance manometer, were used for 
plasma generation. Residence times in the reactor were measured with discharge off, before and after 
each set of plasma measurements, by switching off quickly the air feed to the chamber and measuring 
the time evolution of the m=28 a.m.u mass spectrometric peak of N2, using a digital oscilloscope. The 
results were always 2 s ± 20% for a fixed position of the butterfly valve at the exit of the reactor, 
independent of pressure, indicating in all cases a molecular gas flow regime. This residence time led to 
flow rates ~ 0.4 - 7 sccm, depending on the discharge pressure. 
The reactor was electrically fed by a 0.2 A, 2000 V, DC source, through a 100 W ballast 
resistor. The maximum electric potential of the source was not high enough to turn on the discharge at 
the low operating pressures of the experiments, therefore, an electron gun built in the laboratory was 
used for ignition of the plasma. It consisted basically of a coiled tungsten filament (120 mm diameter, 
~3 W) heated by a 2 A, DC, -2000 V source, isolated of ground. Steady state plasma currents Ip~150 
mA in the abnormal glow discharge conditions were maintained during the experiments. 
The radial distribution of electron density and electron mean temperature in the cylindrical 
plasma volume were measured by means of a double Langmuir probe designed in our laboratory.24 The 
approximation of orbital limited motion in a collision-free probe sheath for electropositive plasma was 
used.35 The mass of the ions was approximated to a mean value of 30 a.m.u for calculations of charge 
densities. A maxwellian electron energy distribution was also supposed. 
 Molecular species were detected by means of an electron impact ionization quadrupole mass 
spectrometer, Balzers QMG112, working as residual gas analyzer, equipped with a Faraday cup 
detector. It was previously calibrated for the measurement of absolute concentrations of the individual 
gases of interest (N2, O2, NO, N2O, NO2).35,36  
 6 
The measurement of ion fluxes was performed with a Plasma Process Monitor, Balzers 
PPM421, consisting of electrostatic focusing system, a cylindrical mirror energy analyzer (the upper 
limit was 510 eV) and a quadrupole mass spectrometer with a secondary electron multiplier in the 
counting mode. Both mass spectrometers were installed in independent vacuum chambers, 
communicating with the reactor by means of 200 and 100 mm diaphragms respectively. The chambers 
containing the mass spectrometers were differentially pumped down to 10-7 mbar by turbo-molecular 
pumps backed by mechanical pumps. The ion flux ratio for each m/q+ value was calculated by 
integrating its individual ion energy distribution. The relative sensitivity of the PPM 421 to different 
m/q+ signals was calibrated by measuring its individual response in the detection mode of neutrals to 
known pressures of noble gases and hydrogen, supplied separately to the reactor chamber without 
discharge. The sensitivity of the secondary electron multiplier was calibrated too for the different ion 
masses by comparing its response (integrated in energy) to ions generated in discharges of the above 
mentioned species, with that of a Faraday cup available as secondary detector in the plasma monitor. 
Both calibration methods led to a common sensitivity dependence for ions proportional to (m-1/2), in 
agreement with former literature results,39 except for the smallest m/q+ value, where H+ showed a 
slightly lower efficiency than H2+.  
When the discharge was on, the signals of neutrals detected with the PPM421 plasma monitor 
decreased uniformly by a factor of ten approximately, as compared with discharge off signals, probably 
due to space charge effects in the ionization region associated with direct flux of ions from the plasma; 
this effect prompted the use of the plasma monitor only to detect ions and the appliance of the 
QMG112 spectrometer for systematic detection of neutrals, since its sensitivity is not affected by the 
discharge. 
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 The m/q+ ratios of the energy integrated current signals for the different ionic species were 
transformed to relative ion densities in the plasma volume using the calibration dependences recorded 
beforehand . Absolute concentrations of ions (ions cm-3) were obtained by scaling the total sum of the 
relative ion densities to the measured mean charge density.  
  
PLASMA KINETICS  
The kinetic model used in this work is based on the numerical solution of a system of coupled 
differential equations accounting for the time evolution of various plasma species, from the ignition of 
the discharge until the attainment of its steady state. Stable molecules are considered to be 
homogeneously distributed throughout the reactor. Atoms, ions and electrons are assumed to be 
confined to the negative glow with homogeneous concentrations. From the edge of this glow region, 
atoms diffuse and ions are accelerated toward the cathode wall through the plasma sheath.  Throughout 
this work the gas temperature is assumed to be typically 298 K24,28 and the electron energy distribution 
is approximated by a Maxwellian function characterized by a temperature Te. Initial concentration of 
the precursors, gas flow rate, electron mean density and electron temperature, all of them determined 
experimentally, are used as input parameters.  
The present model is an extension of a former one initially developed to describe the behavior 
of the neutral species found in DC and low frequency modulated hollow cathode discharges of nitrogen 
oxides (N2O, NO, NO2)33-36 and air,  3 at pressures in the ~ 0.1-1 mbar range.  These plasmas were 
generated in a reactor considerably smaller than that used here,24 and with electrical charge densities up 
to 5·1010 cm-3. The original model considered electron impact dissociation, two body collisions 
between atoms and molecules and heterogeneous reactions. It did not include ions, since the ionization 
ratio s of those plasmas were £10-5 and ions were not expected to influence appreciably the chemistry 
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of neutrals.31,32 In the present work, devoted to air discharges with much lower pressures but with 
similar charge densities, the ionization ratios are some orders of magnitude higher than before, and the 
influence of ions on the global chemistry cannot be disregarded a priori; therefore, ionic processes have 
been incorporated to the model. The new complete set of reactions is shown in table 1.  
Rate coefficients for low energy electron impact dissociation of nitrogen oxides, unavailable 
previously in the literature,40 were estimated in our previous studies from steady state and time resolved 
studies of DC discharges.24,35,36 In analogy with the work of Lee et al41 on oxygen plasmas, an 
Arrehnius functionality, kD=A·exp(Ea/Te), was assumed for the dependence of these coefficients with 
electron temperature (see discussion in ref 36).  In our previous studies, electron impact dissociation of 
N2 was always a minor channel and only an upper limit estimated from selected time resolved 
measurements was considered.3,36 In the present work, where electron temperatures can vary 
appreciably, an approximate Arrhenius dependence for the corresponding rate coefficient was derived 
from the electron impact dissociation cross sections of Cosby.42 For the derivation of this rate 
coefficient, the measured cross sections for collision energies £ 50 eV were fitted to a rigid sphere line-
of-centers model43 with effective size pd2 and threshold E0. The corresponding rate constant is given 
by:  
( ) e
0
T
E
2
1
e2
e e
T8
dTk
-
÷÷
ø
ö
çç
è
æ
pm
p=       (1)    
where Te is the electron temperature in units of energy, and m is the reduced mass of the colliding 
partners which, in this case, can be approximated by the mass of the electron. The resulting rate 
constant is expressed as D1 in Table 1. The measurements of Cosby42 suggest that predis sociation to 
form N(2D)+N(4S) is the most likely outcome of the collision process, but the contribution of the 
N(4S)+N(4S) and N(2P)+N(4S)  channels  is also possible. For simplicity we have considered in the 
 9 
model only one kind of nitrogen atoms, labeled N, irrespective of their initial electronic state. This 
should not be a bad approximation, taking into account that the reactivity of N(2D) and N(2P) with the 
major molecular species present in the plasma is not too high.44   
The gas phase reactions of neutral species included in the model are the same as in previous 
works,3 with identical expressions for the rate coefficients. Electron impact may also cause significant 
excitation of atoms and molecules.17,45,46 The role of excited atoms and molecules in the kinetics of 
plasmas containing N2 and O247 was addressed in detail by Loureiro and coworkers (see refs 4,5,48 and 
references therein), who showed that internal excitation can affect significantly the chemical 
composition of the plasma, specially at relatively high pressures (above 1 mbar).  4,17,49 However, the 
contribution of excited states for the present low pressure plasmas is expected to be small and except 
for the very reactive O(1D) atoms produced directly by O2 electron impact dissociation, which has 
proven to play a key role in the kinetics of these plasmas, 3,34-36 non excited states have been considered.  
Concerning heterogeneous reactions (Wi), we have used the same scheme as in our previous 
works. When the recombination probabilities are low enough to represent the limiting stage as 
compared to diffusion, the rate coefficients kWi have been estimated by taking into account the new 
reactor geometry and A/V ratio in the expression: 31,50 
  kWi [Xi] V = [Xi] v i  gi  A / 4 
[Xi] is the concentration of each species and v i, its mean velocity at ambient temperature; A is the 
reactive wall area and V, the discharge volume.  gi? is the recombination probability per individual 
collision in the stainless steel surfaces for each process.  
The recombination probabilities, gi, for NxOy formation (reactions W4-W6) on stainless steel, 
proposed as constant parameters, explained the  observed  appearance of N2O in previous NO discharges 
and the formation of NO and N2O in air plasmas,35,36 and have not been modified in the present work. 
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Regarding wall reactivity of oxygen, maximum probabilities for O(3P) adsorption (W 1) and 
O(1D) de-excitation (W7) have been assumed (g?, ?g7 = 1), in agreement with refs 31,32. At the relatively 
high pressures (above 0.1 mbar) used in our previous works,  3,24,35,36 diffusion was the limiting process 
and W1 and W7 were inversely proportional to pressure, in agreement with the Fick’s law51 and the 
Chantry’s model,52 with a negligible dependence on gi. For the present discharge pressures, both 
diffusion and recombination in the wall contribute significantly. The joint contribution of the two 
processes can be expressed in terms of their respective characteristic times, ttotal = tdiff + twall interaction, 
i.e.: 
(kW1,kW7)total-1 = L2/Di + (vO· g1,7 · A /4V)-1   
where L is the characteristic diffusion length and Di, the diffusion coefficient. Recent experimental 
values of the recombination probability of oxygen atoms on clean stainless steel (O+wall®O2/2) in a 
pure oxygen plasma have also been reported. 53,54 We have not considered them since this process is not 
included as such in our model, in which recombination of oxygen and formation of nitrogen oxides are 
strongly entangled. 
The recombination probability of nitrogen on the wall, g3, has been increased markedly from the 
previous model value,3 in agreement with recent experimental data55,54 obtained from pure N2 
discharges on clean stainless steel. Nevertheless, numerical predictions carried out carefully with the 
former and the present value show no difference for the present air plasmas, neither for the previous 
discharges of NxOy and air, since N2 heterogeneous formation turns out to be a minor reaction channel 
as compared to gas phase N2 formation through reaction G1. 
Regarding ion processes, included present ly in order to improve theoretical grounds of the 
measured concentrations of major ions , ionization by electron impact (I1 - I12), recombination of 
electrons and positive ions (N1 – N5), two body homogeneous reaction between ions and neutrals (T1 - 
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T25), and neutralization on the wall (P1 - P7) are taken into account. Since electron density is assumed 
stationary from the very ignition of the discharge, electron multiplication by ionization processes 
should balance all types of electron loss; and in order to fulfill charge neutrality, ion composition at the 
ignition of the discharge is assumed to be N2+ and O2+ scaled to their respective parent molecules 
concentration with [N2+]0+[O2+]0=[e-]; their concentrations changing afterwards by the kinetic 
processes (alternative tests with different N2+/O2+ initial ratios gave identical stationary ion 
distributions). The possible appearance of oxygen containing negative ions19,41,56 has not been taken 
into account.  
Rate coefficients for electron impact ionization reactions (I1-I12) have been calculated from 
published experimental cross sections in the same way43 as for electron impact dis sociation of N2 (D4) 
(see eq. 1 and Table 1), assuming a Maxwell electron energy distribution. Cross sections were 
expressed in analytic form by fitting the rigid sphere line-of-centers model to the low energy  regions 
of the available cross section data from refs 57-61. Alternative values for the ionization cross sections 
may be found in refs 41,62-66 and references therein. Discrepancies of the order of 25% are usually 
found among them. Cross sections for direct dissociative ionization of N2, O2 and NO (reactions I7, I8, 
I11,  I12) were not found in the literature. The available data57-59 consist of global ionization cross 
sections through two or more join processes like:  
 O2 + e-  ® 2e- + (O+ , O22+)   ref 58 
 N2 + e- ®  2e- + (N+ , N22+)   ref 57   
 NO+e-  ®2e- + ((O+ +N) , (O  +N+))  ref 59 
 As a result, the rate coefficients for reactions I7 and I8 to produce O+ and N+ have been obtained 
by fitting the “line of centers” to these two first dependences,58,57 i.e., by neglecting the production of 
O22+ and N22+; and those of I11 and I12, by assigning one half of the total cross section of ref 59 to each 
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channel (O+ +N) and (O +N+). These rough approximations limit the precision of the predicted ions 
concentrations. 
Rate coefficients for the recombination of electrons and positive ions (N1 – N5), which depend 
on electron temperature, and those for homogeneous reaction between ions and neutrals (T1 - T25) 
assuming the gas temperature of 300 K, have been taken from ref 19. Several of these reactions involve 
only minor species in the present air plasmas, like N2O or NO2, but they may be significant in plasmas 
of nitrogen oxides. Three-body homogeneous reactions involving ion species are neglected.3,36  
In order to calculate the wall loss rate coefficients, kPn, for each ionic species (processes 
P1 - P7), a constant concentration of ions in the glow, equal to electron concentration, has been 
imposed. Therefore,  net ion generation per time unit  in the gas phase, assumed to be the difference 
between the total ionization through reactions I1 – I12 (Ii = kIi[Xi][e-]Vp) and the total neutralization 
through reactions N1 – N5 (Nj = kNj[Xj+][e-]Vp), must be compensated by the total ion flux to the 
cathode wall through processes P1-P7 (Pn = kPn[Xn+]Vp), which represent the net contribution of positive 
charges, J, to the total electric current. 
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Ion mobility depends on the discharge conditions (plasma electric fields, electron and ion mean 
temperatures, reactor geometry, wall conditions…) which globally determine some plasma 
characteristics like ambipolar diffusion or ion velocities at the sheath edge.67 Nevertheless, these 
discharge conditions are the same for all ionic species and could be taken into account through an 
unique factor “b” independent of the ion identity. On the other hand , in agreement with the Child-
Langmuir law, ion mobility is inversely proportional to the square root of the mass of each ionic 
species. The ratio s between the individual Pn rate coefficients and S Pn (n = 1-7) are 
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and the rate coefficients for neutralization in the wall, kPn, are given by the expression:  
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The rate constants, kPn, depend exponentially on Te through the ionization coefficients kIi (and, to a 
much smaller extend, through kNj). In spite of their markedly larger rate coefficients, ion neutralization 
in the gas phase turns out to be in general much less significant than ionization of neutrals by electron 
impact and ion loss in the wall, and provide a minor contribution to the ion kinetics (£  1%) for 
ionization ratios £10-3.68 Charge transfer reactions have not been included in equations (2-4) because 
they do not contribute to the net generation or sink of electric charges.  
  
RESULTS AND DISCUSSION 
 Figure 2 shows the radial distribution of electron density, ne, obtained for a 140 mA, 4·10-3 
mbar air discharge. It reaches maximum value at the symmetry axis (~1.5·1010 cm-3) and decreases 
toward the cathode wall. The mean electron temperature in the glow is approximately constant along 
the radius, within the experimental uncertainty, (~4.2±0.4 eV, for this pressure). The radial distribution 
of charge densities was measured at two different positions relative to the symmetry axis  of the reactor, 
~ 15 cm apart one from each other and one of them at the anode height, supplying identical results. The 
radial resolution of the measurements is limited by the 8 mm active length of the Langmuir probe (see 
Figure 1). Uncertainties in ne  are mainly due to electrica l noise in the characteristic curve of the double 
Langmuir probe. These charge distributions were very similar for all discharge pressures in the range  
(0.003 - 0.05 mbar), their mean value, [e-]=1010 cm-3, was assumed to be the electron density in the 
“zero order dimensional” kinetic model. 41,31,32 The dashed line in figure 2 displays a zero order Bessel 
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function scaled to the maximum electron density at the discharge axis and to the reactor  radius (R=5 
cm). Assuming that the ion mean free path and sheath thickness are both small as compared to R, this 
function would correspond to the approximate steady state solution for charge density in a cylindrical 
discharge at the “high-pressure” diffusion limit. 67  
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Figure 2. Experimental dependence of electron density, ne, with radial position in the cylindrical 
hollow cathode reactor, r, measured with the double Langmuir probe (-); error bars indicate the 
uncertainties in the Langmuir probe results. Continuous line: Approximate theoretically predicted 
dependence of charge density with radial position, calculated as a zero order Bessel function, ne(r) = 
ne(0) J0(2.405 r/R), with R=5 cm (see text). 
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Figure3. Dependence of electron mean temperature with gas pressure on a 140 mA air discharge. (- ) 
Experimental data with bar uncertainties from Langmuir probe. () Theoretical predictions, assuming 
that cathode current is completely due to ions; dashed lines display the Te predicted variations 
justifying a change in discharge current up to 20%. 
 
Figure 3 shows the dependence of electron mean temperature, Te, on the gas pressure. Circles, 
with error bars, are the experimental data measured with the Langmuir probe, for the discharge  current 
J = 140 mA. The solid line corresponds to the Te needed to reproduce the experimental  current 
(approximated as the cathodic ion current) with the kinetic model:  
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Note that the current is strongly dependent on Te; a 5% reduction in Te leads to a decrease in the ion 
current larger than 20%. It is known that it is impossible for ions to carry absolutely all the current in 
the cathode sheath, since secondary electrons, created by ion impact at the cathode, are required to 
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sustain the discharge.67 The neglect of the secondary electron current implicit in eq. 5 would thus be 
within a reasonable uncertainty in the model estimate for Te (dashed lines in Figure 3). This uncertainty 
can justify the appearance of secondary electrons , not included in the model, as well as the power 
balance of the discharge (see below). Besides, the selection of ionization cross section values different 
than those of Table 1 to adjust the Ii rate coefficients by the “line of centers” model, would modify J 
values calculated with a given Te. For example, a 15% decrease in the ionization cross section of NO 
(reaction I4), which is just the uncertainty given in ref 59 for the values, would lead to a reduction in the 
total ion current up to 10% for a fixed Te value, and even larger uncertainties can be found by 
comparing the different bibliograp hic data sources (where ionization cross sections discrepancies 
surpass 50%). On the other hand, the agreement between the Te measurements and model predictions is 
within experimental uncertainty at the lower pressures and is worse at the higher ones. With increasing 
pressure, as the ionization degree decreases, a worse approximation of the electron energy distribution 
function to a Maxwellian might explain the observed discrepancies,69 besides, an already noticeable  
concentration of negative ions, mainly O-, not included in the model, might begin to appear. Since the 
condition of charge neutrality holds for quasi-neutral plasma s, if the negative ion density increases, the 
electron density should go down. In this case, the overall ionization rate would also decrease and the 
electron temperature should increase to compensate it.41,56  
Figure 4 displays molar fractions  of the major three neutrals (left panel) and ions (right panel) 
recorded in our experiments (grey bars) and predicted by the model (white bars). These data were 
obtained for a 140 mA, 0.0065 mbar, air discharge. The relative ion fluxes, Ji, calculated by integrating 
individually the mi/q+ ion energy distributions  detected by the plasma monitor, were scaled to absolute 
densities in the glow by using the Child-Langmuir law and normalizing to the mean electron density.  
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Maximum contributions from the sum of minor neutral and ion products to these signals are less 
than 5%. The similarity of the NO concentration to that of O2, and a NO+ molar fraction comparable to 
that of N2+ (and much higher than that of O2+) are the most remarkable results. A reasonable  agreement 
between measured and calculated data is found at this pressure.  
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Figure 4. Bar-graph partial mass spectra of experimental molar fractions and model predictions 
displaying the three major neutrals and ions, obtained in a 140 mA, 0.0065 mbar, 1 sccm, air discharge.  
 
Figure 5 displays the theoretical predictions for concentrations of all gas species included in the 
model as a function of discharge pressure, at constant gas residence time (2 s), charge density ([e-]=1010 
cm-3) and electric current (140 mA). The theoretical predictions correspond to a 5 s delay from the 
ignition of the discharge, corresponding to the steady state which is reached in a time £ 2 s. The upper 
panel shows the neutral species and the lower panel displays the ions. Contrary to N2 and O2, which 
decrease close to  linearly with pressure, a nearly constant NO concentration is estimated, so that NO 
exceeds largely the O2 concentration at the lowest pressures and reaches almost half the concentration 
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of N2. The predicted concentrations of N2O and NO2 molecules are at least one order of magnitude 
lower than those of N2, O2 and NO over all the pressure range, and show opposite behavior with 
pressure. With the aim to elucidate the influence of ions in the concentration of neutral species, the 
kinetic model was also run after canceling the processes involving ions. Identical predictions were got 
for neutrals to those displayed in Figure 5, proving that ions can be neglected in the chemistry of 
neutrals, even at the lowest pressures studied. Conversely, recent detailed simulations of the former air 
and NxOy discharges 3,24,35,36 at higher pressures with the present ly improved model led to analogous 
predictions  to those previously calculated.  
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Figure 5. Model predictions for the dependence of neutral and ion concentrations on pressure for air 
discharges, for constant electric current (140 mA) and gas residence time (2 s). Gas flow rates increase 
linearly with pressure between 0.43 sccm at 0.003 mbar and 7.3 sccm at 0.05 mbar.  
 
Figure 6 shows the pressure dependent molar fractions of the three major neutral and ion 
species for the conditions of Figure 5, as obtained experimentally (symbols) and simulated with the 
model (lines). This presentation is convenient in order to stress the variation of the plasma ionization 
ratio with discharge pressure for a constant electron density, [e-]=1010 cm-3. The variation in the 
relative concentration of the major precursor N2 is very small (~10%). In contrast with N2, the degree 
of dissociation of O2 grows with decreasing pressure, reaching ~ 60% and promoting heterogeneous 
NO formation. As can be seen, the agreement between experimental and theoretical results is very 
encouraging for neutrals. Note that, neither the simple scheme of heterogeneous reactions leading to O2 
recombination and NO formation, deduced in our previous works on nitrogen oxide plasmas, nor the 
correspond ing gi probabilities, have been modified in the present work, in which heterogeneous NO 
formation is much more important.  
0.01
10-6
10-5
10-4
10-3
10-2
10-1
100
           e-
  N
2
+
  NO+
  O
2
+
sheath collisions
*
*
**
*
*
0.003 0.05
  N
2
 
  NO 
  O
2
 
 
M
ol
ar
 F
ra
ct
io
n
Pressure (mbar)
 
 20 
Figure 6. Experimental (symbols) and simulated (lines) molar fraction dependences on pressure of the 
major molecules and ions in the present air discharges. The size of the symbols indicates approximately 
the experimental uncertainties. 
 
Concerning ions, a good agreement is found for the lower pressures, where N2+ and NO+ reach 
similar concentrations, and O2+ is approximately one order of magnitude less abundant. At higher 
pressures, the agreement is not so good, since the experimental results display a slight predominance of 
NO+ above N2+ and O2+, in contrast to the theoretical predictions. A simulation at these pressures with 
higher Te values, matching the experimental ones, didn’t solve this disagreement. A possible qualitative 
explanation of this discrepancy might be the appearance of collisions in the cathode sheath with 
increasing pressure, not taken into account in the theoretica l model. As indication of this possibility, 
Figure 7 shows the different ion energy distributions of N2+, O2+ and NO+ ions reaching the cathode at 
0.0038 mbar (upper panel) and 0.050 mbar (lower panel). The inserts display the regions around the 
maxima. For 0.0038 mbar, very sharp peaks at 371 eV can be seen (FWHM ~ 2 eV) and a negligible  
noise contribution appears at low energies. It indicates that ions reaching the sheath from the glow 
accelerate and reach the cathode surface without collisions. On the contrary, broader maxima appear at 
0.05 mbar discharge pressure, with a significant widespread background reaching low ion energies, 
mainly for N2+. This points out to collisions between ions and neutrals in the sheath, either elastic or 
with charge transfer.   
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Figure 7. Energy distribution of major ions for 0.0038 mbar (upper panel) and 0.050 mbar (lower 
panel), 140±5 mA, hollow cathode air discharges. 
 
 A precise calculation of the power balance of the present discharges is out of the scope of this 
work and only an approximate evaluation will be given. The 0.0038 mbar air discharge, whose cathode 
ion energy distribution is shown in the upper panel of Figure 7, corresponds to the particular case of a 
140±5 mA discharge, with 376±1 V anode-cathode potential; therefore, the total power supplied to the 
reactor in this case is WT=52.6±2.0 W. The minimum power spent in dissociation and ionization 
processes can be estimated theoretically by taking into account each individual process in the steady 
state and assuming that, at least, an energy contribution equal to its threshold is needed. Although many 
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of these processes will take place at electron energies higher than threshold, this rough evaluation 
predicts that total dissociation and ionization reactions need at least WD=7.3 W and WI=2.4 W 
respectively, to sustain the plasma. In addition, electrons carry a part of the energy to the anode and, for 
maxwellian electrons, the mean energy lost per electron is 2Te.67 Under the conditions of the present 
experiment, with Te=4.2 eV, this means an electron power loss of We=1.2 W in the anode. On the other 
hand, it is known that most of the power consumption in DC plasmas is used to accelerate positive ions 
in the sheath region, which ultimately collide with the cathode surface, dissipating their kinetic energy 
as heat. The “sheath collision free” ion energy distributions of Figure 7, upper panel, show sharp 
maxima at 371 eV, very close to the 376 V anode-cathode potential. This indicates that the power 
supplied by an ion current  of 140 mA to the cathode would be WC = 51.9 W. Therefore, only WT-WC = 
0.7 W of the total power supplied to the discharge would be used in the plasma chemistry of the 
negative glow, a value much lower than that predicted by the kinetic model: WD+WI+We³10.9 W. This 
apparent contradiction has been commented on previously in the literature,70,67 and is justified by the 
emission of secondary electrons by the cathode walls under the impact of energetic ions and excited 
neutrals. The secondary electron emission coefficients depend on the material and surface conditions  of 
the electrode, the energy and nature of impinging particles,71-73 but the emission ratio usually does not 
exceed ~ 0.1-0.2 for ions with kinetic energies lower than 500 eV.  In order to estimate the electron 
mean temperature necessary to sustain a 140 mA discharge (continuous line in Figure 3), it was 
assumed that positive ions bombarding the cathode walls were the only electric charges responsible for 
the cathode current; nevertheless, a decrease in Te as small as a 5%, shown as the lower dashed line in 
Figure 3, is enough to justify a 20% decrease in ion current and the power balance, due to the 
dependence, ~e-E/Te, of the ionization coefficients as mentioned above. The decrease in Te is smaller 
than the experimental uncertainty of the Langmuir probe results, and smaller than the imprecision in 
 23 
the calculated current caused by the bibliographic discrepancies on ionization cross sections by electron 
impact. 
 
SUMMARY AND CONCLUSIONS 
 A characterization of DC, low pressure, hollow cathode air discharges by mass spectrometry of 
neutral and ion species, and by a double Langmuir probe, has been made. The experimental data have 
been compared with the predictions of a simple kinetic model, developed in previous works in order to 
study the neutrals produced in plasmas of nitrogen oxides and air, which has been improved presently 
to include the ion kinetics. The comparison between experimental and theoretical results provide a 
valuable insight into the relevance of the different plasma processes, the interaction between neutral 
and charged species, the behaviour of electron energy, and the role of the reactor walls. Experimental 
studies on thermal non-equilibrium air and N2/O2 plasmas reported in the literature have been usually 
performed under very different physical conditions . The pressure range selected for this study (3·10-3–
5·10-2 mbar) allows the observation of strong variations in the relative concentration of the major 
neutral and ionic species. The kinetic model can justify these variations and helps identify the key 
processes determining the global plasma chemistry.  
A dissociation of O2 up to 60% at lowest pressures, in comparison with its discharge off 
concentration, and a remarkable formation of NO were observed. The N2 concentration decrease is less 
important but reaches up to 10% at 3·10-3 mbar. On the other hand, NO+ is the major positively charged 
species, even surpassing the N2+ density.  
 NO formation in the discharge is attributed to the heterogeneous reaction of N with O adsorbed 
on the stainless-steel cathode surfaces. This assumption justifies  suitably the increase in NO 
concentration with decreasing pressure experimentally observed. Moreover, the agreement between the 
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present data and previous measurements performed for air or NxOy discharges at pressures two orders 
of magnitude higher than the present ones, with very different cathode dimensions,3,35-36 lend support to 
this assumption and to the heterogeneous recombination probabilities proposed. Notwithstanding, 
homogeneous reactions of excited states leading to NO could be distinguishable in plasmas where the 
wall effects were less efficient. 
 The NO+ predominance among positive ions at low pressures is mainly due to the high NO 
ionization coefficient by electron impact, which is considerably larger than those of O2 and N2 for the  
present Te values. Nevertheless, charge transfer reactions represent a noticeable contribution to NO+ 
production at the highest discharge pressures and lowest Te values, where the most effective charge 
transfer processes, T4 and T7, produce up to ~60% of total NO+ at 0.05 mbar.  
 The model calculations of the densities of neutrals performed with and without ions show 
hardly any difference, even at pressures down to ~10-3 mbar. Therefore, the irrelevance of ions in the 
kinetics of neutral species is confirmed. The electron mean temperatures estimated from the model for 
the measured current grow with decreasing pressure and are consistent with power balance within the 
uncertainty of the data.  
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Table 1: Reactions included in the kinetic model. Rate coefficients are in units of cm3 molecule-1 s-1 
for electron impact and two body homogeneous reactions; cm6 molecule-2 s-1 for trimolecular reactions 
and s-1 for wall reactions. P is the pressure in mbar. O is O(3P) atom except when O(1D) or O(s) are 
indicated explicitly. 
Process Rate constant Ref Process Rate constant                     g Ref 
Electron impact disocciation   Charge transfer   
D1: N2 + e-® 2N + e- 1.0·10-8 Te1/2e-16/Te 42  T1: N2++ N2O ® N2O+ +N2 5.0·10-10 19 
D2: O2 + e-® 2O+ e- 4.2·10-9e-5.56/Te 41  T2: N2+ + O2 ® O2++ N2 6.0·10-11 19 
D3: O2 + e-® O+ O(1D) + e- 5.0·10-8e-8.40/Te 41 T3: N2+ + O ® NO+ + N 1.3·10-10 19 
D4: NO + e-® N + O+ e- 7.4·10-9e-6.50/Te   3 T4: N2+ + NO ® NO+ +N2 3.3·10-10 19 
D5: N2O + e-® N2 + O + e- 1.4·10-9e-1.67/Te   3 T5: N2+ +N2O ®NO+ +N2 +N 4.0·10-10 19 
D6:  N2O + e-® N2 + O(1D) + e- 1.2·10-9e-3.64/Te   3 T6: O2+ + N ® NO+ +O 1.2·10-10 19 
D7:  N2O + e-® NO + N + e- 1.0·10-10e-4.93/Te   3 T7:O2+ + NO ® NO+ +O2 4.4·10-10 19 
D8: NO2 + e- ® NO+ O+ e- 5.6·10-9e-3.11/Te   3 T8: O2+ + NO2 ® NO2+ +O2 6.6·10-10 19 
Electron impact ionization    T9: NO2+ + NO® NO+ +NO2 2.9·10-10 19 
I1: N2 + e- ® N2+ + 2e- 1.1·10-8·Te1/2·e-17.2/Te 57  T10: N2O+ + NO®NO+ +N2O 2.9·10-10 19 
I2: O2 + e- ® O2+ + 2e- 3.6·10-9· T e1/2e-12.3/Te 58  T11: N+ + O2 ® N + O2+  2.8·10-10 19 
I3: N2O + e- ® N2O+ + 2e- 1.4·10-8· T e1/2e-12.9/Te 59  T12: N+ + O2 ® NO+ + O 2.5·10-10 19 
I4: NO + e- ® NO+ + 2e- 9.0·10-9· T e1/2e-12.1/Te 59 T13: N+ + O ® N + O+ 10-12 19 
I5: NO2 + e- ® NO2+ + 2e- 2.6·10-9· T e 1/2e-10.0/Te 59 T14: N+ + NO ® N + NO+ 8·10 -10 19 
I6: NO2 + e- ® NO++O+ 2e- 8.1·10-9· T e 1/2e-12.9/Te 59 T15: N+ + O2 ® O+ + NO 2.8·10-11 19 
I7: O2 + e- ® O+ + O + 2e- 5.4·10-10· T e 1/2e-17/Te 58 T16: N+ + NO ® N2+ + O  3·10 -12 19 
I8: N2 + e- ® N+ + N + 2e- 4.2·10-10· T e 1/2e-28/Te 57 T17: N+ + N2O  ® NO+ + N2 5.5·10-10 19 
I9: N + e- ® N+ + 2e- 1.0·10-8 · T e 1/2e-14.5/Te 60  T18: O+ + N2  ® NO+ + N 1.18·10 -12 
19 
I10: O + e- ®O+ + 2e-  1.7·10-8· T e 1/2e-13.6/Te 61  T19: O+ + O2  ® O2+ + O 2·10 -11 
19 
I11: NO + e- ®O+ + N+ 2e- 2.4·10-9 · T e 1/2e-23/Te 59 T20: O+ + NO  ® NO+ + O 2.4·10-11 
19 
I12: NO + e- ®O + N+ + 2e- 2.4·10-9 · T e 1/2e-23/Te 59 T21: O+ + NO  ® O2+ + N 3·10 -12 
19 
Electron impact neutralization    T22: O+ +NO2  ® NO2+ +O3P 1.6·10-9 19 
N1: NO2+ + e- ® NO + O 2.0·10-7·(0.026/T e)1/2  19  T23: O+ + N2O  ® N2O+ + O 4·10 -10 
19 
N2: N2O+ + e- ® N2 + O 2.0·10-7·(0.026/T e)1/2  19 T24: O+ + N2O  ® NO+ + NO 2.3·10-10 19 
N3: N2+ + e- ® N + N 2.8·10-7·( 0.026/T e)1/2 19 T25: O+ + N2O  ® O2+ + N2 2·10 -11 
19 
N4: O2+ + e- ® O + O 2.0·10-7·( 0.026/T e) 19 Wall neutralization   
N5: NO+ + e- ® N + O 4.0·10-7·( 0.026/T e)3/2 19 P1: N2+ + wall ® N2 Ecuation 4  
Homogeneous reactions   P2: O2+ + wall ® O2 Ecuation 4
  
G1: N + NO ® N2 + O 3.0·10-11 37  P3: NO+ + wall ® NO Ecuation 4  
G2: O+ NO+ M®NO2+M                    1.0·10-31 37 P4: NO2+ + wall ® NO2 Ecuation 4  
G3: O + NO2 ®NO+O2                   9.7·10-12 37 P5: N2O+ + wall ® N2O Ecuation 4  
G4: N + NO2 ®N2O+O                   1.2·10-11 38  P6 : N
+ + wall ® N Ecuation 4  
G5: O(1D) + NO ® O2 +N                  8.5·10-11 37 P7 : O
+ + wall ® O Ecuation 4  
G6: O(1D) + N2O ® 2NO                 7.2·10-11 37 Heterogeneous reactions   
G7: O(1D) + N2O ® N2 +O2                  4.9·10-11 38 W1: O + wall®O(s)                     (0.011·P+1.4·10 -4)-1           1 31 
G8: O(1D) + NO 2 ® NO +O2                 3.0·10-10 37 W2: O + O(s)®O2                     29                                      4.2·10-3 32 
Quenching of excited states   W3: N + wall (s)®1/2 N2                    2.6                                     0.07 54 
Q1: O(1D) + NO ® O3P+NO 1.5·10-10 37 W4: N + O(s) ® NO 29                                      4.9·10-3 32 
Q2: O(1D) + N2 ® O3P+N2 2.6·10-11 37 W5: NO + O(s) ®NO2                     0.01                                   2.0·10-6 35 
Q3: O(1D) + O2 ® O3P+O2 4.0·10-11 38 W6: N2 + O(s) ® N2O   6.9· 10-4                            1.3·10-7 35 
 30 
   W7: O(1D) + wall ® O                    (0.011·P+1.4·10 -4)-1           1   33 
      
 
